Demand uncertainty is thought to influence irreversible capacity decisions. This paper examines the nature of this relationship in the U.S. cement industry. Firms in this sector deliver cement for local markets either from domestic plants or from imports. Since cement is costly to transport over land, the difference in marginal cost between local production and imports varies across markets. In the presence of uncertain demand, capacity choices are shown theoretically to depend on whether firms are located on the coast or inland. Industry data from 1994 to 2006 are consistent with the predictions of the model. There is a positive relationship between capacity investment and demand uncertainty only for landlocked areas. The results provide a new rationale to explain the coexistence of home production and imports in the U.S. cement market for large multinational firms, even in the long run.
Introduction
The relationship between uncertainty and investment decisions has been the subject of a long-standing academic debate since the early work of Jorgenson (1971) . Contrasting results about the nature of this relationship have been obtained in numerous theoretical and empirical contributions to both strands of the literature. As summarized by Abel et al. (1996) , theoretical arguments can be made to ensure either a positive or a negative relationship between demand uncertainty and investment. A mean-preserving increase in the variance of demand may induce a positive effect on the value of a marginal unit of capital, and, hence, on investment, due to the increased probability of high demand states. There may also be a counteracting negative effect when there is an option to delay investment until uncertainty is partly resolved (Dixit and Pindyck, 1992) . The empirical literature reflects the ambiguity of these theoretical results (Carruth et al., 2000) .
We investigate this question by building on the framework developed by Rothschild and Stiglitz (1971) and then by exploring theoretical predictions using data on the U.S. cement sector. Local demand for cement can be met by the output from two technologies:
capital-intensive local production or imports from abroad. We show that there is a positive relationship between demand uncertainty and investment in cement capacity only in landlocked districts, where high import costs effectively restrict the production set to the local production technology. The option to satisfy high demand states with imports in coastal regions once uncertainty is partly resolved introduces a new counteracting negative effect of uncertainty on investment. The main contribution of the paper is to explicate the role of the production set in the relationship between uncertainty and investment. Imports act as an alternative-more flexible and less capital-intensive-source of production than local capacity.
There are four main reasons why the US cement industry is an attractive industry in which to study the role of uncertainty in investment decisions. First, the industry is regionally segmented. The 113 active cement plants in 2006 in the U.S. operated across different economic environments. Second, demand for cement in each regional market is largely uncertain, and regions vary in the extent of local demand uncertainty. Demand is affected by both the general business cycle and the local cycles typical of the construction industry. Third, capacity decisions are the major firm-level decisions in the industry since cement production is very capital-intensive.
Last, in recent decades, long-haul maritime imports have begun to play an increasing role in absorbing fluctuations in U.S. domestic demand. Regional demand is often now met by a mix of local production capacity and imports from overseas. Further, a large fraction of the installed base of U.S. cement capacity is controlled by the large multinational firms that dominate this industry worldwide.
1 These firms use their global production networks to adapt to the demand fluctuations in a given market, suggesting that the choice of the production mix used to satisfy local demand is often a decision made within a given firm, as well as a market-level outcome. . The USGS reports that, of the ten largest U.S. cement producers that made up 80 percent of U.S. production in 2006, eight were foreign-owned.
2 In the early 2000s, according to industry sources, global cement firms such as Cemex, Holcim, Lafarge, and Lehigh (Heidelberger) operated import terminals located on the East Coast, and Lafarge, Lehigh (Heidelberger) and Taiheiyo on the West Coast. The USGS notes that, in the U.S. "...since the early 1990s, the majority of cement imports have been controlled by domestic cement producers, and they import only as needed to make up for production shortfalls." (USGS, 2006, p.166 ).
Our theoretical model of the U.S. cement industry captures these four characteristics, allowing the relative cost of imports to vary across U.S. regions. In a setting of oligopolistic competition in a local market, each firm has to make two decisions in sequence. First, it decides its domestic capacity given that demand is uncertain at this stage. Second, the level of demand in the following period is revealed, and the firm decides its production mix from its domestic capacity and imports. In the context of the model, domestic capacity and imports can be considered substitutable inputs, and they play similar roles to capital and labor in Rothschild and Stiglitz's model (Rothschild and Stiglitz, 1971) . We extend their results and show that the domestic capacity choice is either increasing or decreasing on the level of uncertainty, depending on the relative marginal cost of the domestic versus the import technology. Specifically, capacity is increasing with uncertainty if the cost of imports is relatively large, and decreasing if the cost of imports is relatively small. This contingent property is at the crux of our empirical analysis.
The assumptions we make in our model of the U.S. cement industry are similar to the industry features captured in two recent empirical papers (Ryan, 2011; Perez-Saiz, 2011 ).
These two papers focus on the role of environmental or antitrust regulation in investment decisions. Ryan uses a dynamic Markov game in the tradition of Ericson and Pakes (1995) , while Perez-Saiz (2011) uses a finite four-stage game allowing for mergers and acquisitions.
Both models feature an investment phase followed by a Cournot competition production phase under capacity constraints, a feature also present in our model. Neither of these two models allows for demand uncertainty or the control of imports by domestic firms, which are the two salient features of the U.S. industry that we study here.
Our empirical analysis of investment decisions in the U.S. cement industry between 1998 5 and 2006 provides evidence that is consistent with the predictions of our model. The nature of the relationship between demand uncertainty and investment is related to local access to the flexible production technology-imports from abroad. An increase in local demand uncertainty is associated with a significant increase in production capacity and average plant size only in landlocked districts. These results suggest that firms respond to an increase in uncertainty about future returns from an investment by choosing to make larger irreversible investments only when imports are prohibitively costly. The significance of our empirical contribution comes from the fact that the monotonic relationship between uncertainty and investment is not robust in the data overall. We make it explicit that the relationship is present when the production set does not include a more flexible alternative technology.
Previous empirical studies have reached mixed conclusions about the influence of different types of uncertainty on investment. Goldberg (1993) finds a negative relationship between investment and exchange rate variability in some sectors, and Campa and Goldberg (1995) find that exchange rate variability has no significant effect on investment levels in U.S. manufacturing. Bell and Campa (1997) find no relationship between product demand uncertainty at the country level and capacity investment in the chemical processing industry. Loungani (1996, 2000) find a negative relationship between investment and uncertainty, focusing on the role of concentration ratios or whether industries are dominated by small firms. The Carruth et al. (2000) survey suggests that production set flexibility is a possible explanation for the ambiguous results obtained in previous studies. Our findings from the U.S. cement industry support this suggestion.
The rest of the paper is organized as follows: Section 2 develops the analytical model. This section also reviews some of the closely related literature on investment decisions under uncertainty. Section 3 describes the data used in the paper. Section 4 develops the methodology employed and gives the empirical results. Section 5 discusses some of the implications of these results and concludes.
An Analytical Model

Key assumptions
Our model features a local oligopoly that faces fluctuating demand. Each firm can source production from plants located in two areas, some located in the market in question-i.e., "home" plants-and some located abroad-i.e., "foreign" plants from which it may import.
Home plants have a lower variable cost and are capacity constrained. Production from foreign plants has a higher variable cost that includes the cost of transport to the home market. Foreign plants are not capacity constrained because there are many of them that can potentially export to this market.
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We focus on the dependence of the home capacity decisions on import costs as demand uncertainty increases. Imports will be required at peak demand levels, given the home capacity constraint. As a consequence, the optimal capacity depends on the relative costs of imports versus domestic production and on the level of demand uncertainty. Intuitively, the lower the import costs, the lower is the optimal level of home capacity. The model remains simple enough to be analytically tractable so that we can compare its comparative static 3 Salvo (2010) studies the cement industry in Brazil, where there are very few multinational firms. He models importers as a competitive fringe, and does not allow local firms to face a choice of production technologies. The observed production mix in the data could result from the local capacity choices made by U.S. firms and imports from different firms. However, industry sources confirm that most importers into the U.S. market also have U.S. production facilities.
properties with those of other models in the industrial organization literature that study the link between capacity and uncertainty.
The inverse demand function is assumed to be linear: p = a + λθ − bq, in which p is the price, q the quantity sold in the market, and a and b two positive parameters. Uncertainty is introduced through the random variable θ, assumed to be uniformly distributed on the interval [−1; +1] with density 1/2. The parameter λ measures the range of demand variation, and the case of no uncertainty corresponds to λ = 0.
N firms are assumed to operate in the home market. The cost function for the home technology consists of two terms: a linear investment cost c k relative to a capacity choice denoted K, and a linear production cost c h .
4 There is no investment cost for the foreign technology, which has a linear production cost c f . In the case of no uncertainty, the home technology is preferred to the foreign one, c h + c k < c f , and demand is high enough to make production worthwhile, a > c h + c k . Furthermore, λ is limited, so that in all realized demand states, it is worth producing with the home technology: 0 < λ < a − c h .
The decision process takes place in three stages. First, each firm decides its local capacity K relative to the home technology. Second, uncertainty is resolved for the time period in question, and the realized value of θ is revealed to the firm. Third, the firm makes production decisions (q h , q f ) using the home and foreign technologies respectively. It is explicitly assumed that the production decisions of any given firm do not depend on the capacity of its competitors. This assumption means that firms do not select their capacity to preempt competitors, but only to face demand fluctuations optimally. 5 The firms maximize 4 The introduction of a fixed component in the investment cost is immaterial for the analysis. 5 We, hence, rule out the possibility that firms operate with excess capacity to deter entry. There have been many theoretical contributions that motivate such strategic behavior, such as Spence (1977) and Dixit (1980) . A number of empirical studies have tested this hypothesis in specific industry studies; see, for 8 their expected profit, with no risk aversion.
Comparative Static Properties of the Model
Under these assumptions, there is a unique equilibrium of the model. The equilibrium capacity, denoted K * (c f , λ, N ), is the total capacity chosen by the industry, and K * /N is the individual capacity of each firm. We now discuss the properties of equilibrium capacity and, in particular, how it varies with import costs, c f , and demand uncertainty, λ.
Since c h + c k < c f , the equilibrium capacity in the case of no uncertainty K
is simply the equilibrium quantity in the standard symmetric Cournot-Nash model with marginal cost c h + c k . Production is equal to capacity, both are independent of c f , and there are no imports. With sufficiently large uncertainty, however, there is a decoupling between production and capacity. Capacity is equal to demand only at an intermediate realized level of demand. In low realized demand states, the industry has excess capacity, and production is determined by the home plants' variable cost. For high realized demand states, the industry imports to satisfy demand, and the quantity sold is determined by the import cost. Therefore, if uncertainty is sufficiently large, imports are expected to be positive, and the capacity choice is influenced by both the cost of imports and the level of uncertainty.
Proposition 1
The following comparative static properties hold:
1. The equilibrium capacity is increasing with respect to c f ,
2. The effect of the import cost on capacity is increasing with respect to λ,
example, Ghemawat (1984) and Mathis and Koscianski (1997) . As noted by Lieberman (1987) , the empirical results provide limited supporting evidence of this type of behavior.
3. The equilibrium capacity is either increasing or decreasing with respect to λ,
The analytical expression of the equilibrium capacity and the proof are in appendix 1.
Proposition (1.1) states how the cost of imports influences the level of investment. The more expensive are imports, the larger is the optimal level of local capacity. The magnitude of this effect is related to the level of uncertainty. For sufficiently large uncertainty, it is strictly positive, and is increasing in the extent of uncertainty, as stated in Proposition (1.2). The cross-effect between uncertainty and the import cost is positive; therefore, the effect of uncertainty on capacity is increasing with respect to the import cost. The effect of uncertainty is predicted to be larger in landlocked markets, where import costs are high, than in coastal markets.
Turning to the sign of the effect of uncertainty on investment: There is a threshold import cost such that a rise in uncertainty has a positive (negative) effect on capacity if the cost of import is higher (lower) than the threshold level (Proposition (1.3)). Hence, this framework provides a clear-cut answer about the sign of the relationship between uncertainty and investment. In our model, consistent with intuition, uncertainty leads to higher capacity when imports are expensive and leads to lower capacity when they are relatively lower cost.
Proposition 1, thus, provides simple and direct predictions that can be evaluated in the data.
Results (2) and (3) of Proposition 1 can be interpreted in terms of options (Dixit and Pindyck, 1992) . There are two valuable options in this model when demand is uncertain.
Investing in an additional unit of capacity creates the option to produce locally in the future or to produce less than installed capacity once the level of demand is revealed. The second is the option to import once the level of demand is revealed, which plays a similar role to that of the option to expand capacity in the future in the option-value literature. An increase in uncertainty increases the value of these two options, and the overall effect on investment depends on the comparison of these changes. The distinction between cases 3(i) and 3(ii) in Proposition 1.3 could be restated as the comparison of c f − (c h + c k ), the opportunity cost of importing, and c k , the cost of investing more than necessary. Lemma 1 Whatever the level of uncertainty λ, we have
The number of firms does not affect the sign of the relationship between uncertainty and capacity, even though it does influence its magnitude. The proof of this Lemma is in Appendix 1. In particular, the threshold import price in Proposition (1.3) does not depend upon the market structure.
With an endogenous market structure, uncertainty could influence the equilibrium number of firms, which would, in turn, affect the equilibrium capacity. The results of Proposition 1 would be modified by this indirect effect. However, it is unclear why demand uncertainty would be a primary determinant of the number of cement firms in a market. Among the primary determinants are the traditional ratio of the market size relative to scale economies and the U.S. antitrust policy (Collomb and Ponssard, 1984; Dumez and Jeunemaître, 2000) .
While we do not have data on the number of firms, our data do contain the number of plants in each district in each year. We include the number of plants in each market as a control variable in our main analysis, controlling for changes in market structure resulting from the entry of new plants and changes in market structure due to ownership consolidation. We also see that the number of plants within a district is uncorrelated with demand variability in the data overall.
Capacity decisions and uncertainty in industrial organization and international economics
There are a number of theory papers that relate directly or indirectly to our work. Demers (1991) analyzes capacity choice in a dynamic oligopolistic Markov model and shows that the equilibrium capacity is decreasing with uncertainty. In his model, the firm is constrained to always produce as much as its earlier capacity commitment-possibly more with a penalty cost, but never less. Gabszewicz and Poddar (1997) consider a two-stage game and show that firms invest more with uncertainty. In their framework, firms can produce less and not more than their capacity. In our model, firms have access to two technologies at varying costs: domestic production and imports. Demers' model can be viewed as similar to our analysis for coastal markets, while Gabszewicz and Poddar's model could be compared to our analysis for landlocked markets. Our two-technology setting generates the contrasting predictions of our model for these two different geographic markets.
Since the firms in this empirical setting are often multinational firms engaged in both imports and FDI, our paper also relates to the theory model set out in Rob and Vettas (2003) .
In their model, as in ours, firms have the choice between home and foreign plants to satisfy an uncertain demand. Their paper focuses on the optimal strategy mix between FDI and exports as demand grows over time, while we focus on the optimal strategy mix (between domestic production and imports) when demand uncertainty varies across settings with differing variable costs of imports. In both models, FDI and exports (domestic production and imports, respectively, in our model) will co-exist under some circumstances. 6 We show that capacity investment decisions in the cement industry are consistent with our model's predictions. As Blonigen (2001) and Head and Ries (2001) note, much of the prior existing theory on FDI offers only limited explanation of the empirical regularity that firms often serve a given market through both exports and local production.
6 Kogut and Kulatilaka (1994) show how the value of joint ownership of production facilities in more than one country can be related to the operating flexibility this offers under exchange rate uncertainty. When firms have local capacity constraints, their model can also generate the predictions that firms simultaneously export to and produce in a given market.
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Data
The data used in this paper are published by the U.S. Geological Survey (USGS) and summarized in the annual Minerals Yearbook (USGS, 2006).
7 Figure 2 presents the evolution of cement consumption and imports in the U.S. between 1980 and 2006. Imports are positively correlated with domestic consumption and tend to be more volatile over time. 8 The data divide the U.S. into 23 regional districts, the boundaries of which differ slightly across years.
We construct time series data by district for cement capacity, production, and demand, by grouping together districts where necessary. 9 As noted in Ryan (2011) , the USGS's intention is that a district defines a local market, including the set of firms that compete in a given geography within one district. These data are available for each year between 1994 and 2006.
Capacity and Capacity Investment
District-level capacity is measured in the data as the finish-grinding capacity in thousands of metric tons, based on the grinding capacity required to produce a plant's normal output mix, including both portland and masonry cement, allowing for downtime for routine maintenance.
Production, in thousands of metric tons, includes cement produced using imported clinker.
The USGS Minerals Yearbook also reports data on the number of active plants by district, which permits a measure of the average plant size for each district in each year. Other large increases were seen in Kansas and Northern Texas. There were no decreases in average plant size in any district.
Relative Marginal Costs of Flexible Production
The import of cement to areas such as Florida, California, New York, and Texas has increased steadily since the improvements in shipping technology in the late 1970s, with imports coming from South America, Europe, and Asia. Cembureau estimates that it is now less costly to ship cement across the Atlantic Ocean than to truck it 300km overland (Cembureau, 2008) .
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In the early 2000s, according to industry sources, global cement firms such as Cemex, 
Demand Uncertainty
The demand data are aggregated from the USGS state-level cement shipments to final customers. It includes cement produced from imported clinker and imported cement shipped by domestic producers and importers. One of the key variables in the theoretical model set out in Section 2 is market-level demand uncertainty at the time when capacity investment decisions are made. In the model, this variable is the parameter that measures the variance in demand over the productive lifetime of the investment. As a proxy for expected future demand uncertainty in a district, we calculate the variance in demand over the past four years and the current year-a measure of recent local demand volatility.
We make two further adjustments to this uncertainty measure: We use de-trended data to account for changes in demand levels that are consistent with patterns that are arguably predictable and would, otherwise, lead us to overstate uncertainty in fast-growing districts.
Specifically, we regress demand by district over the past five years on a constant. The larger the residuals from this regression on a trend, the less informative are recent demand levels in predicting current demand. To measure the average difficulty of predicting current demand using the data from recent years, we take the standard deviation of the residual values over the current year and the prior four years.
Second, since this measure of demand variation is increasing in the level of demand in a district, we also normalize the standard deviation by the mean demand level over the five years in question. This normalized standard deviation measure summarizes the extent of recent demand volatility across districts, adjusting for differences in district size. Our intent is to capture the plant manager's view about the difficulty of predicting the local demand level in any one upcoming year using information about past demand levels and growth rates.
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We note that our measure of uncertainty, or demand volatility, is backwards-looking since it is constructed using district-level data from the current and last four years.
15 Any increase in volatility in a given year within a district is due to the level of demand in the current year being less similar than was the level of demand four years ago to the level of demand for the three years in between. In some specifications, we classify districts into high and low demand volatility districts, capturing whether the level of volatility is higher or lower than the median level across districts over the entire time period.
While this measure of recent demand uncertainty has been adjusted to account for differences in the average growth rates by district by de-trending, predictable demand growth is also likely to have an independent effect on investment decisions and, hence, on capacity levels within a district. We construct a measure of recent demand growth within a district at any point in time as the average percentage change in the level of demand over the prior four years. This measure is included as a control variable in our main regressions. Table 2 shows correlation coefficients in 2006 for the key variables used in the study.
Empirical Analysis
The analytical model developed in Section 2 illustrates how the relationship between local investment decisions and demand volatility depends on the relative marginal costs of the capital intensive and flexible (less capital intensive) production technologies. In this setting, the investment in local cement production capacity incurs high fixed costs and relatively low variable production costs, compared to the alternative production technology of importing cement. We now investigate whether observed investment decisions in the U.S. are consistent with the model's predictions.
demand as a measure of firm-level uncertainty.
Preliminary Analysis
Import costs and capacity levels
Lafarge, one of the largest global cement producers, provided some estimates about the import costs to different U.S. states, which confirm that there are substantial differences between coastal and landlocked districts. For instance, the cost, insurance, and freight value (CIF value) at the first point of arrival in the U.S. was estimated at around $60 per ton for cement arriving at ports on the West Coast in 2010. 16 However, the additional costs incurred for transporting the cement to the final market led to very different total import costs by region. For example, the cost of importing cement to Colorado and Wyoming was estimated at around $110 per ton. This means that nearly 50 percent of the variable cost of the cement imported to this region consists of handling costs and the cost of freight to market, by rail in this case. In contrast, the cost of importing cement to Oregon is just over $60 dollars, incurring only $3 of additional costs of handling at the port of entry (Portland).
Interviews with managers at Lafarge suggested that local investment decisions depended critically on whether there was nearby access to a deep-water harbor. By way of illustration, in the Colorado and Wyoming region, the ratio of local production capacity to demand in each year, averaged over the years 1994 to 2006, was 1.04. That is, in an average year, over 100 percent of local demand could be met by local capacity. In the Alaska, Hawaii, Oregon and Washington district, where final import costs are $61 per ton, the ratio of capacity to annual local production is 0.74, on average, over the same time period. This means that an average of 26 percent of local demand could not be met by local capacity and was, presumably, fulfilled by imports.
This pattern is borne out in the USGS data across all firms. As described in Section 3 and in Panel B of Table 1 , we have classified the USGS districts into those that are landlocked and those that are coastal, based on proximity to a cement-importing port. The mean estimate of Lafarge's estimated import costs are $94 per ton for the former group, and $73
per ton for the latter. Across the regions classified as landlocked, the average ratio of local capacity to local demand over the time period of the data is 1.26. The same ratio for coastal districts is 1.04. This difference, while not statistically significant, provides some evidence that investment decisions in the past-determining the extent to which local capacity can satisfy local demand-appear to have been related to the cost of cement imports.
Demand uncertainty and capacity levels
An initial examination of the average relationship between the level of demand uncertainty and capacity is inconclusive. As an illustration: The district comprising of the three states of Iowa, Nebraska and South Dakota is classified in Table 1 as having low demand volatility.
That is, its demand volatility over the entire period, as defined in the previous section, is below the median level for all districts. The neighboring district of Kansas, in contrast, has a high level of demand volatility. Both of these districts, though, have the same average ratio of local capacity to local demand, of 1.59. Previous investment decisions in each of these districts has led to a situation in which local demand can be met, on average, by two thirds of local production capacity over the time period studied.
More generally, looking once more across all districts, there is some evidence of a positive association between demand uncertainty and capacity levels overall. The districts classified 20 as having low demand volatility, as shown in Table 1 , have an average ratio of local capacity to local demand of 1.11. The districts classified as having high demand volatility have a mean ratio of local capacity to local demand of 1.25. However, the difference across these two groups is insignificant at standard levels.
Changes over time
The previous two subsections show that there is no clear statistical relationship between capacity relative to demand and either local import costs or local demand uncertainty over the entire time period considered in the study. The theoretical model developed in Section 2 generates the prediction that these relationships depend critically on the interaction between import costs and demand uncertainty. In this empirical setting, capacity is long-lived. It is likely that capacity levels at the start of the time period reflected, to a large extent, investment decisions that were made prior to the late 1790s' shocks to shipping technology that lowered the costs of cement imports to coastal regions. Over time, however, ongoing investment decisions led to a situation in which a larger share of local capacity is the result of decisions that were made after the shock to import costs in coastal regions. Table 3 presents some evidence about how capacity levels evolved in different district groups over the time period studied. Using data from 1994 and 2006, it shows that capacity levels have developed differently in landlocked and coastal districts, particularly for highdemand-uncertainty districts. Looking first at the panel showing unused capacity (measured as capacity less production, divided by capacity): In 1994, the extent of unused capacity looked very similar across landlocked and coastal districts. In low-volatility districts, both landlocked and coastal districts had unused capacity of around 20 percent. In high-volatility districts, both landlocked and coastal districts had unused capacity of around 14 percent.
Over the next 12 years, low-volatility landlocked districts saw a small decline in unused capacity, whereas high-uncertainty districts saw an increase. These trends were reversed in coastal districts-there was growth in unused capacity in low-uncertainty districts but a large decline in unused capacity in high-uncertainty coastal districts. Among high demand uncertainty districts, then, investment patterns over the time period appear to have varied with whether or not the district had access to low cost imports. Consistent with the predictions of the theoretical model, there was much less new investment in capacity in coastal districts than in landlocked districts.
The second panel shows that changes in the average plant size across district groups also evolved differently for landlocked and coastal districts, and particularly among high-demanduncertainty districts. High-demand-uncertainty landlocked districts saw increases in average plant size that exceeded those in low-uncertainty landlocked districts, but also that exceeded the increases in high-demand-uncertainty coastal districts. Table 3 , then, offers the suggestion that the relationship between uncertainty and investment depends on having access, over time and across districts, to a flexible production technology-in this case, low-cost imports. We now turn to a more formal econometric analysis of the data.
Main Analysis 4.2.1 Estimation Strategy
In the main analysis of the paper, we study the relationships between firms' investment decisions and changes in demand uncertainty between 1994 and 2006, exploiting the panel nature of the data. The estimated equation is:
The key variable of interest on the right-hand side of equation (1) is the measure of demand uncertainty, V i,t , which is the level of recent demand volatility in district i in year t, as defined in Section 3. L i indicates whether district i is landlocked, and the association between demand uncertainty and the dependent variable y i,t is allowed to vary with whether or not the district is landlocked. X i,t is a vector of time-varying district-level control variablesdemand growth and the number of plants. The association of these variables with the dependent variable is also allowed to depend on whether the district is landlocked. District fixed effects, D i , are included so that the equation relates capacity levels relative to the district-level mean to demand uncertainty relative to district-level mean. α is a constant term, and Y ear t are year fixed effects.
The dependent variable in equation (1) is one of two measures of capacity: The first dependent variable is the installed capacity in the district. Because the districts are of different sizes, and the right-hand-side variables are all scaled to facilitate comparison across districts, we apply a scaling factor to the dependent variable. Using annual unused capacity 23 as a scaling factor would introduce variation in the measure reflecting annual production decisions rather than annual investment decisions. Thus, we need to scale capacity by a measure that does not vary over time in a district. To do this we use the mean district-level production over the time period. The variable used is annual capacity divided by mean production. Variation over time in this measure within a district is due entirely to changes in capacity-that is, due to the investment decisions that we want to study.
The second dependent variable used is the average plant size in a district. Since individual plants are comparable across different districts, it is not necessary to scale this variable to adjust for differences in district size. Variation over time in this variable reflects capacity expansions or contractions at existing plants since plant openings and closings in a district are included as a control variable.
The estimated equation given in equation (1) controls for any non-time-varying observable and unobservable characteristics correlated with capacity in a district and demand uncertainty by including district fixed effects. In an alternative specification, we estimate equation (1) in first differences, where the estimated coefficients measure the association between yearly changes in capacity and yearly changes in demand uncertainty.
As is common in the analysis of panel data, the observations are likely to be correlated within groups-in our case, within districts. In addition to the clustering problem arising from the fact that observations within a district are likely to share some unobserved component, our measure of demand uncertainty in any year is based on the variance in local demand levels over that year and the past four years. This introduces serial correlation in the observations from a given district. We estimate the fixed effects and first differences specifications using OLS regressions and report Newey-West standard errors with a maxi-mum lag order of correlation within a district of four years (Newey and West, 1987) . This correction addresses serial correlation in the errors within a district resulting from how we measure local demand uncertainty.
Having estimated the coefficients in each specification, we then test whether differences in the estimated coefficients are significantly different from zero, and significantly different from each other, in ways that are consistent with the model's predictions. To test whether a change in demand uncertainty is associated with a change in capacity in coastal districts, we examine the significance of the coefficient estimate for demand uncertainty. To test whether a change in demand uncertainty is associated with a change in capacity in landlocked districts, we test whether the linear combination of the coefficients on demand uncertainty and the interaction of demand uncertainty and the landlocked indicator is significantly different from zero. We then test whether changes in demand uncertainty have significantly different effects on capacity in coastal versus landlocked districts.
Results
The results of estimating equation (1) are given in Table 4 . The specifications in Columns 1 and 2 show that, on average, there is a small positive association between changes in demand uncertainty and investment in capacity.
Column 3 allows the relationship between demand uncertainty and investment to depend on whether the district is landlocked or coastal. There is a negative association between demand uncertainty and investment in coastal districts, although the estimated coefficient is not significantly different from zero. Column 4 includes the control variables of demand growth and the number of plants, both also interacted with the landlocked indicator variable.
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The coefficient on the interaction of landlocked and demand uncertainty is positive and significant at the five percent level in both Columns 3 and 4.
The first two columns of Table 4 , Panel B report the estimated change in the ratio of local capacity to mean local production associated with a one-standard-deviation increase in local demand uncertainty. In coastal districts, this increase in demand volatility is associated with a small and insignificant decrease in the ratio of capacity to mean production. In landlocked districts, the same increase in demand uncertainty is associated with a significant increase in the ratio of capacity to mean production, of 0.051. Since the mean level of this ratio is Table 5 presents the results of equation (1) estimated in first differences. The findings are very similar to the results shown in Table 4 . In these specifications, there is a positive and significant relationship between increases in demand uncertainty and investment in capacity, although this relationship is not significant in Column 6, where investment is measured by increases in average plant size. The estimated coefficients in Columns 4 and 8, however, confirm that the positive relationship is larger in landlocked districts.
Panel B of Table 5 reveals that the difference between the relevant coefficients for landlocked and coastal districts is significant at the 11-percent level for change in capacity and significant at the ten-percent level for changes in average plant size. The predicted increase in capacity associated with a one-standard-deviation increase in demand uncertainty is 0.025, corresponding to an increase of 2.03 percent of the mean level. Average plant size is predicted to increase by 17 thousand tons, or by 1.95 percent of the mean level. In both cases, the predicted increase is about half as large as in the fixed effects specification shown in Table   4 .
These results, which control for district-level factors related to both demand uncertainty and investment, show that investment is positively associated with an increase in demand uncertainty only in landlocked districts. With reference to Figure 1 , the results establish that the line AC has a significant positive slope. This line is the elasticity of capacity choice with respect to demand uncertainty. In contrast, the elasticity of capacity choice with respect to demand uncertainty in coastal districts, given by line DB, does not have a positive slope. If anything, this relationship is negative, although not significant. Moreover, the slope of the line AC is significantly more positive than the slope of the line BD. This suggests that the flexibility offered by a choice between two different production technologies (in this case, local production and imports), where the technologies differ in the amount of investment required, has a significant role in determining the overall relationship between demand volatility and investment.
Concluding Comments
This paper contributes to the literature about the theory of irreversible decisions under uncertainty at the microeconomic level. It demonstrates theoretically that the relationship between demand uncertainty and investment depends on the nature of the production set available.
The capacity decisions of U.S. cement firms are shown to be consistent with the theory:
The amount of domestic excess capacity over an uncertain business cycle depends on the relative cost of imports, which varies from coastal to landlocked markets. The positive relationship between demand uncertainty and investment predicted by theory models with only one technology is, indeed, present in landlocked districts, where imports are prohibitively costly. This finding is obscured when we do not consider landlocked and coastal districts separately. At the country level, the positive relationship between uncertainty and investment is not robust across different measures of investment.
The paper also provides a new rationale to explain the coexistence of home production and imports in the U.S. cement market by large multinational firms. Adding demand uncertainty to the proximity-concentration trade-off described in Brainard (1997) can explain why we see imports and domestic production-even in the long run-in districts where the variable cost of imported cement is not too much greater than that of domestic production. The greater the demand uncertainty in these districts, the larger the average ratio of imports to FDI.
There are several possible applications of the model developed in this study. Ryan (2011) and Perez-Saiz (2011) construct models of the U.S. cement industry that they use to discuss the impact of various environmental or antitrust policies on social welfare via their impact on the market structure. This paper may also contribute to this line of inquiry, more specifically on the efficiency of unilateral climate policies. 17 One prominent issue that affects the efficiency of such policies is the extent of carbon leakage-an increase in foreign emissions substituting for any decrease in domestic emissions arising from relocation of production capacity to another country. Our model suggests that there may be long-term effects on investment levels associated with a change in the relative costs of imports, where demand uncertainty plays a crucial role in quantifying this impact. Lemma 2 The monopoly capacity K * (c f , λ, 1) is:
Proof. We denote q h (resp. q f ) the local production (resp. the quantity imported). The firm's profit is
In each demand state θ, the firm maximizes its short-term revenue: pq − c h q h − c f q f subject to the constraint q h ≤ K. Three situations can arise; let us denote two thresholds states:
• if θ − < θ ≤ θ + , q h = K, and q f = 0;
In the long term, the monopoly chooses its capacity to maximize its profit (6). The profit of the firm is concave; the optimal capacity is the solution of the first-order condition
Several cases should be distinguished depending on whether, at equilibrium, θ − (resp. θ + ) is equal to or larger (resp. lower) than −1 (resp. 1)-that is, whether in some demand states, the firm has excess capacity (θ − > −1) or imports (θ + < 1). For sufficiently large λ, both situations happen and
We will consider this case (4 in lemma 1) only for the sake of exposition, but similar calculations could be done to obtain the expression of K * and boundary conditions in other cases.
By substituting (8) into (7):
and, from (9) and (8), θ + − θ − = (c f − c h ) /λ, substituting into (10) gives
and replacing θ + by (9) gives:
Finally, we have to check that the expressions (8) and (9), used for θ − and θ + , are consistent with the capacity (11); that is, that the right hand side of (8) (resp. 9) is larger than −1 (resp. lower than 1). The monopoly capacity is given by (11) if and only if
To find the expression of the equilibrium capacity in case 2, we have to use expression (8) together with θ + = 1, and, in case 3, the expression (9) together with θ − = −1; finally, for small λ (case 1), θ − = −1 and θ + = 1.
Proof of Lemma 1
In order to limit the introduction of notation, only a brief sketch of the proof is provided here. A more detailed version can be obtained from the authors on request. We assume that there are N firms with N ∈ N * . Each firm simultaneously chooses its capacity and a production plan (q h (θ), q f (θ)). There is a unique symmetric equilibrium of this game, the individual equilibrium capacity is K * (c f , λ, N ) = 2K(c f , λ, 1)/(N + 1). This relationship between the quantities in oligopoly and in monopoly holds in a standard Cournot game with linear demand and costs. This property is preserved here because of the linearity of the framework (demand, cost, and uncertainty) and because we do not consider the strategic effect of a firm's capacity on its rivals' production.
Proof. At an equilibrium: in each demand state, firms play a constrained Cournot game with two technologies available, and each firm's capacity is a solution of a first-order equation that equalizes the capacity cost c k with expected short-term marginal profit. Any equilibrium is symmetric because the expected marginal short-term profit of two firms is equal if and only if their capacities are equal (this is related to the absence of a strategic effect of capacity on a competitor's production). Then, the only possible equilibrium is symmetric, and the individual equilibrium capacity K * (c f , λ, N ) is the unique solution of equation 
